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Abstract 
A multi-organization and multi-national team from the utility, manufacturing, business and research sectors of the power 
generator industry has been assembled to further develop and scale-up a membrane based CO2 capture system for the pre-
combustion capture of carbon dioxide from solid fuels.  This next generation system is based on a polybenzimidazole (PBI) 
membrane originally developed by Los Alamos National Laboratory. Hollow fibers based on a selective layer of PBI onto a 
porous substrate have been produced. It has been demonstrated that this selective layer can be placed on either the outside (shell 
side) or inside (lumen side) of the fiber. An Aspen process simulation has also been constructed and benchmarked against the 
literature. Initial results indicate that the increase in cost of electricity (COE) for the PBI based capture system is significantly 
less than that of a Selexol based capture system. The rapid commercialization of this PBI membrane is being conducted utilizing
The Five Disciplines of Innovation in order to insure end user input at early stages.  
© 2008 Elsevier Ltd. 
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1. Introduction 
Economical pre-combustion capture and separation of CO2 is vital to the successful deployment of IGCC systems 
for power generation [1]. Once separated, two of the components in the syngas feed stream, carbon dioxide and 
hydrogen, are utilized for other operations [2]. The resulting CO2 is either used for enhanced oil recovery or 
sequestered. Hydrogen is recovered and feed to a turbine for additional power generation. The conventional method 
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for pre-combustion capture of CO2 is to use solvent based systems (e.g. Selexol, Rectisol, MDEA) to separate and 
capture CO2 from the syngas feed stream. The process economics for these solvent based systems are not acceptable 
[3,4] and do not meet the Department of Energy target of at least 90% capture of CO2 with less than 10% increase in 
cost of electricity (COE) [5,6]. Some of the major drawbacks of the use of solvent based capture systems include 
large energy penalties associated with these systems, large capital costs, and the secondary impact of toxicity 
through atmospheric emissions [7].  
Polymeric membrane based separation systems could be more economical for pre-combustion CO2 separation 
than solvent based systems [8,9]. The desired attributes of a membrane for this application would include [10]: 
x Operating temperatures in excess of 200°C 
x Operating pressures in excess of 600 psi 
x Able to withstand components of the shifted feed gas stream, e.g. CO2, H2, H2O, H2S
x High throughput (H2 permeability greater than 10 barrers at 250°C ) 
x H2 / CO2 selectivity equal to or greater than 40 at 250°C 
These attributes would be vital in achieving the Department of Energy’s target goals listed above. Unfortunately, 
commercial polymeric membranes are challenged to withstand the thermal, mechanical, and chemical environment 
required for pre-combustion capture and separation of CO2.
Previous work has demonstrated that polybenzimidazole (PBI) shows promise as a membrane material for pre-
combustion-based capture of CO2. PBI (shown in Figure 1) possesses excellent chemical resistance (e.g. high sulfur 
tolerance at operating temperatures), high temperature stability (e.g. degradation temperature in excess of 450°C), 
good mechanical properties and excellent material processing ability. Berchtold et al [11] demonstrated that PBI 
membranes exhibited higher H2 permeabilities and H2 / CO2 selectivities than commercial membranes. The first 
generation of a PBI based membrane system was based on coating PBI onto a metallic substrate [11]. These systems 
met the attributes listed above, but the use of metallic substrates resulted in high capital costs and a large membrane 
“footprint” within the utility plant.   
The project team was constructed to build upon the success of the first generation membrane, design an improved 
next generation membrane, and then fabricate a membrane system that could be used in pilot scale testing at utility 
plants. These Public-Private partnerships were constructed to provide early input from end-users – critical feedback 
to enable rapid scale-up and commercialization of this technology. The use of a commercialization approach that 
focuses on “end users” at an early stage, applies risk-reduction from an end-user perspective, and utilizes The Five 
Disciplines of Innovation [12] has enabled the team to achieve technical goals and organizational alignment.  
2. Summary of Technical Progress 
There are two critical path factors for the scale-up of the PBI hollow fiber membranes:  
x Development of PBI based hollow fibers for experimental evaluation under “field like” conditions 
x Establishment of a process model that predicts the impact on process performance and economics when 
utilizing the PBI membrane for CO2 capture 
2.1. Progress in Developing PBI based Hollow Fibers 
Hollow fiber membranes are commonly the membrane structure of choice in order to economical separate 
industrial gases. Hollow fiber based modules offer a number of advantages including high active membrane area 
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Figure 1. Chemical structure of Polybenzimidazole
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density and high packing density (e.g., Hollow fiber modules have been fabricated to obtain as high as 30,000 
m2/m3). Hollow fibers consist of a “dense” layer (i.e. continuous and selective layer that can typically be 0.1 microns 
or less) on a micro porous support or substrate. The feed stream is either input down the lumen or bore of the fiber 
(bore side feed) or on the outside of the fiber (shell side feed). The selective layer can either reside on the outside of 
the fiber or on the inside of the bore. Similarly, the dense layer can either be on the outside of the fiber or on the 
inside surface of the fiber (i.e. the lumen side).  
Fabrication of hollow fibers based on PBI require a comprehensive understanding of the complex 
solvent/nonsolvent/ polymer character of the proposed fiber spinning system, including the phase equilibria, phase 
inversion kinetics, and interfacial mass transfer processes that will occur and/or be induced during the spinning 
process. Optimization of the process parameters that control these phenomena and ultimately the characteristics of 
the formed fiber are critical.  
Some preliminary, non-optimized, PBI hollow fibers have been produced by the development team. Dense layers 
have been produced on the outside surface of the fiber and on the lumen side of the fiber. SEMs of these structures  
 (a) (b)   
     
 (c) 
are shown in Figure 2. Figure 2(a) demonstrates the micro porous nature observed in the substrates being produced, 
while Figures 2(b) and 2(c) are two different fibers with dense layers on either the outside surface or lumen surface 
of the fiber.  
A scalable module design platform that has been used for commercial applications has been selected. Initially 
testing will be performed by mounting (i.e. potting) single hollow PBI based fibers in the module. The current 
design uses elastomeric o-ring seals.  The design will be transitioned to a higher temperature design as the fiber 
potting material allows for higher temperature testing. Details of the testing and evaluation of the hollow fibers will 
be described in a subsequent publication. 
Figure 2. SEM of porous hollow fiber. (a) Porous PBI-based support structure; (b) Graded porous structure leading to a non 
optimized “dense” layer at the outer surface, i.e., shell side of the fiber; (c) Graded porous structure leading to a non optimized
“dense” layer at the inner (lumen) surface of the fiber 
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2.2. Process Modeling 
Aspen modeling is required to evaluate the location and performance effects that the PBI membrane system will 
have on the overall power plant performance.  The effort is aimed at optimizing the overall plant to take advantage 
of the beneficial characteristics of the membrane system. The initial assumption is that the membrane unit will be 
located downstream from the water gas shift reactors. Risk assessment was used to systematically determine the 
initial scenarios to be examined. Future work will examine other features such as warm gas clean-up. End users 
assisted in providing feedback on trends in the future development of H2 turbines, typical pressures and 
temperatures for streams as well as thoughts on existing processes to removal H2S.  
The first four scenarios being analyzed were a base case (Scenario 1) and three additional scenarios for an IGCC 
plant equipped with CO2 capture: 
x Scenario 1: Base case IGCC plant with no CO2 capture  
x Scenario 2: Selexol units are used to separate CO2  from H2. Additional Selexol units used for H2 S removal. 
x Scenario 3: PBI membrane used to separate CO2 from H2. Selexol units used for H2 S removal. 
x Scenario 4: PBI membrane used to separate CO2 from H2. H2 S remains with the CO2
Scenarios 1 and 2 were benchmarked against previously published results. These results compared very 
favorable, for example the cost of electricity (COE) for the no capture cases and the capture cases with Selexol were 
within 1% of the COE for previously published results [6]. Detailed descriptions of the modeling have been 
presented previously [13] and will be discussed in subsequent publications.  
Sample block flow diagrams are shown in Figure 3 for capture with Selexol and in Figure 4 for capture with the 
PBI membrane. Note the placement of the membrane is downstream from the water gas shift unit (WGS). A major 
advantage of the PBI membrane is that it can operate at the temperatures and pressures typically observed 
downstream from the WGS (> 200°C and > 600 psi). The H2 permeates through the membrane (permeate), while the 
CO2 is rejected by the remain (retentate). As a result, the CO2 remains at pressure. For example, if the feed stream’s 
Selexol
placement
Figure 3. Block flow diagram for simulation of capture using Selexol (Scenario 2).
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pressure is 750 psi, the pressure of the CO2 produced would be approximately 735 psi. The energy required to re-
compress the CO2 to pipeline pressures (~2200 psi) are significantly less than in the Selexol case.  
A preliminary summary of the results from the scenarios discussed above is shown in Table 1. In all cases, at 
least 90% capture of CO2 was required. Note that the calculated COE includes only separation and capture costs, i.e. 
costs not included for transport, storage, and monitoring. These costs were not included since they should not vary 
in Scenarios 2 through 4. The increase in COE over the no capture cases is greatest in the case of Selexol (34%). 
Scenarios that use the PBI membrane for CO2 capture exhibit percent increases that are lower than that of the 
Selexol scenario (e.g. 21% and 14%). These results are promising, but still do not achieve the Department of Energy 
goals discussed previously [5,6]. The project team is reviewing a number of options to decrease the percent increase 
in COE further. 
Membrane 
location
Figure 4. Block flow diagram for simulation of capture using PBI membrane (Scenario 4b).
Plant operating life: 30 years; Capacity Factor: 80%; Capital charge factor: 17.5%
CO2 capture: 3.3 Million tonnes/yr. Project Cases
Units
No Capture 
(Scenario 1)
CO2 and H2S
Capture 
w/Selexol 
(Scenario 2)
CO2 Capture 
w/PBI & H2S
w/Selexol 
(Scenario 3)
CO2 Capture 
w/PBI no H2S
removal 
(Scenario 4)
Power Production @100% Capacity GWh/yr 5,455 4,461 4,943 5,035
Power Plant Capacity cents / kWh 4.50 6.19 5.49 5.02
Power Plant Fuel cents / kWh 1.90 2.47 2.31 2.26
Variable Plant O&M cents / kWh 0.78 1.00 0.92 0.91
Fixed Plant O&M cents / kWh 0.60 0.79 0.71 0.70
Power Plant Total cents / kWh 7.78 10.45 9.43 8.89
Cost of Electricity* (COE) cents / kWh 7.78 10.45 9.43 8.89
Increase in COE (over no capture) % n/a 34% 21% 14%
* Separation and Capture Only
Table 1. Economic analysis based on Aspen simulation with four scenarios
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2.3. Commercialization Approach 
The magnitude of mitigating global carbon emissions requires the formation of public-private partnerships that 
consider not only technical factors but also business, regulatory and financial factors [14,15,16].  Visage Energy and 
SRI International are attempting to accelerate the successful development and demonstration of new technologies by 
instilling business acumen and coordination into the research and development of emerging technologies.  This 
approach ensures that business needs are considered early in the technology development process by incorporating 
all members of the “business ecosystem” (i.e. end users, OEMs, and public stakeholders).  This is accomplished by 
developing partnerships that consist of not only the technology developers, but also organizations such as 
government entities and financial institutions that are critical to ensuring long-term acceptance by the marketplace.  
Additionally, state and federal stakeholders are engaged early in the process providing regulatory policy support for 
the commercialization of Carbon Capture and Storage Technologies [14].  
The commercialization effort for the PBI project is designed to establish pathway(s) for novel technologies by 
aligning multi-organizational teams to focus on end-user needs within the context of the objectives of the project. 
The goal of this commercialization approach is to substantially reduce the technology development timeline and 
ensure seamless deployment of the technology by the end user.  The commercialization process intends to: 
x Infuse business perspective and acumen into technology development processes 
x Expedite development of the technical AND commercial potential of the technology 
x Expose the business community to the technology and highlight its functional and cost benefits  
x Incorporate feedback from potential customers, financial and insurance communities 
One of the key elements in commercializing the PBI membrane was the formation of a project team with 
experience in membrane manufacturing, process modeling and design, as well as system integration. In order to 
facilitate rapid commercialization, additional team members were selected to represent the end users perspective. 
The team and their roles are outlined in Figure 5. Whitefox has experience manufacturing PBI based hollow fiber 
systems. Enerfex has previous experience designing membrane capture system, especially for CO2 capture. Southern 
Company and BP provide feedback from a utilities and end user perspective. Visage Energy has experience 
interacting with public utility commissions and with arranging finance for larger scale projects. Los Alamos 
National Laboratory is the originator of the technology. SRI serves as role as integrating the technologies and 
scaling up the process. NETL provides feedback on technical feasibility and provides a national perspective of the 
possible deployment of the technology. 
SRI
NETL 
Whitefox
BP
Enerfex
LANL:
Technology Developer /Testing  
SRI:
System Integration / Testing 
BP & Southern:
End Users of Technology 
Whitefox:
Commercial PBI Membrane 
Manufacturer 
Enerfex:
Commercial Membrane System 
Design Firm 
Visage Energy:
Commercialization Analysis 
NETL (National Energy Technology 
Laboratory):
Department of Energy Laboratory  
Visage
EnergyLANL 
Southern
Company 
Figure 5. Team, roles, responsibilities 
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Another important feature is that commercialization “road blocks” are identified early in the project. These road 
blocks could result from non-technical drivers, such as insurance risks, regulatory issues, etc. These issues could 
reduce the likelihood of private sector funding of a future demonstration project [15,16]. Visage Energy leads the 
effort to identify these risks and develop methods to mitigate the risks. 
A component of the commercialization effort is to create this alignment through the use of The Five Disciplines 
of Innovation, a process embedded throughout the performance of the project. 
These Five Disciplines of Innovation successfully aligned the project team by identifying:  
x Current status of the technology 
x Mitigation of technical and business risks 
x Future requirements for the project to meet the demands of the marketplace 
x Efforts required to achieve project objectives 
Critical to the team’s alignment approach was to develop value propositions for each of the components in the 
value chain, i.e. from OEM, to regulatory agencies, to utilities. These value propositions or (NABCs) focused on: 
x identifying important Needs of each of the stakeholders in the value chain; 
x examining how this technical Approach impacts them; 
x designing the system to insure that each stakeholder derives Benefits; 
x constantly benchmarking against Competitive technologies or alternatives 
The development of value propositions, or NABCs, aided in the risk assessment and improved communication 
amongst the organizations. Value propositions aided in identifying roles and responsibilities, and focused efforts on 
meeting project objectives.  
3. Conclusions  
Progress has been made towards the scale-up a CO2 capture system for pre-combustion applications based on a 
high temperature polymer, Polybenzimidazole (PBI). This second generation PBI system, consisting of a hollow 
fiber with a PBI selective layer on a porous substrate, appears to be very promising. The team has demonstrated that 
the selective layer can be placed either on the outside of the fiber (shell side) or inside of the fiber (lumen side).  
A membrane separation unit simulation was coupled with an Aspen process simulation to guide membrane 
development. The output from the simulation compared well with values previously reported in the literature. Initial 
economic analysis indicates that the scenarios that use the PBI membrane for CO2 capture in an IGCC plant exhibit 
lower percent increases in cost of electricity (COE) than when Selexol is used for CO2 capture. 
The rapid commercialization of this technology is being supported by a multi-organizational Public-Private 
partnership team. This arrangement provides critical end-user input early in the scale-up process. It also uses The 
Five Disciplines of Innovation to insure organizational alignment and a focus on the needs of the end user. 
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